E.p.r. (electron-paramagnetic-resonance) spectra of ubisemiquinone (QH) organic radicals and all of the known iron-sulphur centres were studied in normal and 'nickelplated' pigeon heart mitochondria, submitochondrial particles and submitochondrial particles from which succinate dehydrogenase had been removed. Incubation of pigeon heart mitochondria, submitochondrial particles or succinate dehydrogenase-depleted submitochondrial particles with substrate in the presence of pure 02 results in the accumulation of Q-H. In mitochondria, the e.p.r. spectrum of QhH is characterized by inhomogeneous line broadening. A heterogeneous population of semiquinones appears to be partly responsible for these effects in mitochondria. Addition of Ni(II) to mitochondria renders saturation of the Q*H resonance more difficult. On the other hand, the resonance in either submitochondrial particles or succinate dehydrogenase-depleted particles is narrower than the same spectrum in mitochondria, and saturates like a homogeneous line. The presence of Ni(II) in either of these preparations, further, has no effect on either the Q-H spectrum or the saturation curve. Therefore QH appears to be situated on the exterior surface of the mitochondrion. Likewise, the e.p.r. spectra and saturation curves of iron-sulphur centre N-2 exhibit characteristics of inhomogeneous line broadening, not only in intact mitochondria but also in both submitochondrial particles and succinate dehydrogenase-depleted particles. Because of the small pool size of centre N-2, this effect is likely to arise from a spin interaction with some other component in the membrane. Ni(II) has no effect on the saturation in centre N-2 in mitochondria or submitochondrial particles, and only a marginal effect in the succinate dehydrogenasedepleted preparation. These results are indeterminate withr espect to the position of centre N-2 in the membrane, but suggest that its distance from the succinate dehydrogenase binding site is on the order of 1 nm. All ofthe other ferredoxin-type iron-sulphur centres in both preparations were not affected by paramagnetic ions. Homogeneous e.p.r. spectra and saturation curves are observed for both of the HiPIP-type (high-potential iron-sulphur protein-type) iron-sulphur centres in mitochondrial centres S-3 and bc-3. Addition of Ni(II) to intact mitochondria results in a dipolar interaction with centre bc-3. No effect was observed on centre S-3 in either preparation. A comprehensive model is presented for the structure of the respiratory electron-transport system in mitochondria, based on e.p.r. relaxation studies in the present and the preceding paper. There is no direct evidence for transmembrane electron flow through any of the known energy-coupling sites in mitochondria, so that direct hydrogen atom transfer across the membrane (as a combination of H+ translocation coupled to electron flow) does not occur. Other mechanisms which propose H+ translocation at sites spatially removed from the electron carriers, such as those stipulating a 'membrane Bohr effect', remain consistent with the present data.
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An understanding of the geometry of respiratory implications for the actual mechanism of energy electron transport in mitochondria has long been conservation. All of the various models of oxidative considered an important problem because of the phosphorylation (Mitchell, 1966 (Mitchell, , 1975 Boyer, 1967 ; *Preesent address: U.S. Energy Research and Develop- Slater, 1972 ; Chance, 1972; Green, 1974; Skulachev, ment (Klingenberg & Buchholz, 1970) . In intact mitochondria one must substitute simple organic substrates for NADH, presumably because NADH does not penetrate the inner membrane to its oxidation site on the matrix surface (Jacobs & Sanadi, 1960; Tyler, 1970) . Utilization of succinate by intact mit6chondria occurs with somiewhat greater ease. However, if one isolates submitochondrial particles, which are putatively 'inside-out' with respect to intact mitochondria (Ernster & Kuylenstierna, 1969; Harmon et al., 1974) , oxidation of both succinate and NADH is extremely rapid (Crane et al., 1956; Lee et al., 1967; Von Jagow & Klingenberg, 1970; Orinius et al., 1971) . These observations might suggest that the substrate reaction sites for both dehydrogenase systems are on the matrix surface of the membrane.
Ever since Beinert & Sands (1960) identified a 'g= 1.94' e.p.r.* component as non-haem iron species in mitochondrial preparations, considerable effort has been devoted to the elucidation of the roles which iron-sulphur centres and organic radicals play in oxidative phosphorylation. Because of the massive amount of 'inorganic' iron and sulphur in mitochondria (Harmon eta., 1974) , resolution of the large number of iron-sulphur components which might be present would be particularly difficult. Only with the combined use of low-temperature e.p.r. (4-20K) and either reductive (Ormne-Johnson et al., 1974) or potentiometric (Dutton, 1971) titrations has effective resolution of the numerous iron-sulphur centres in mitochondria been achieved (Orme-Johnson et al., 1974; Obnishi, 1975; Ohnishi et al., 1972 Ohnishi et al., , 1976a .
Nearly all of the iron-sulphur centres that have been found to date are located in the low-potential regions of the respiratory chain. Thus far, seven iron-sulphur centres have been reported in the NADH dehydrogenase region (Ohnishi, 1975; Ohnishi & Pring, 1974) , two or three in succinate dehydrogenase (Beinert et al., 1975; Ohnishi et at., , 1976a , and at least three more in the Qcytochrome c reductase region (Rieske et al., 1964; Orme-Johnson et al., 1974; Ohnishi, 1973; Ohnishi et al., 1976a) . Two of the NADH dehydrogenase components, centres N-la and N-2, have energydependent midpoint potentials (Ohnishi & Pring, 1974; Ohnishi, 1976) and are b'elieved to be involved in energy coupling at Site 1 (see Dutton & Wilson, 1974 , for review).
* Abbreviations: e.p.r., electron paramagnetic resonance; Mops, 3-(N-morpholino)propanesulphonic acid; ATPase, adenosine triphosphatase.
Because iron-sulphur centres N-la and N-2 appaently account for coupling Site 1 in mitochondrial respiration, their relative positions within the inner mitochondrial membrane are critical. This is especially true for centre N-2, since this species is also known to interact with other complexes in the respiratory chain (Outman et al., 1972; Beinert et al., 1975 Ohnishi, 1975 . Hence, as the terminal electron acceptor in NADH dehydrogenase, its position in the membrane is important not only for the mechanism of energy transduction, but also for the clariflcation of the actual sequence of electron transport.
The present paper describes the use of paramagnetic interactions between the various electrontransfer components of the NADH dehydrogenase, succinate dehydrogenase and Q-cytochrome c reductae regions of the respiratory chain, and the exogenous cation Ni(II). This mnethod has been applied to the determination of haem and non-haem iron centres in chromatophore membranes from photosynthetic bacteria (Case & Leigh, 1974) and the mitochondrial cytochromes (Case & Leigh, 1976) . The principles of magnetic-dipole relaxation have been described in the preceding paper (Case & Leigh, 1976) and in several other texts (Slichter, 1963; Carington & McLachlan, 1967; Poole, 1967; Mildvan & Cohn, 1970) . Whenever a paramagnetic cation can approach to within IOnm of a given electron carrier, the resulting acceleration of its e.p.r. relaxation kineties should elicit an observable shift in the maximum of its power-saturation curve, as well as certain line-shape changes which are usually more difficult to detect. A model of the structure of mitochondrial respiration and oxidative phosphorylation, stimulated by evidence contained in this paper and the preceding paper (Case & Leigh, 1976) , is presented.
ERunimtal
Pigeon heart mitochondria were prepared by the method of Chance & Hagihara (1963) , and rat liver mitochondria by the method of Case (1975) . Pigeon heart submitochondrial particles were isolated by the method of Lindsay et al. (1972) with a Yeda press; the removal of succinate dehydrogenase from these preparations was accomplished by the technique of King (1967) , which used incubation at pH9.5 followed by successive washes at pH7.4. EDTA was omitted from the final wash in all cases. Protein concentrations were determined by the biuret method (Gornall et a., 1949) .
Potentiometric methods used for establishing the paramagnetic redox states of the components have been described previously (Dutton, 1971; Wilson et al., 1970 (Ohnishi, 1975; Cas & Leigh 1976 . Because the E4 spectrometer has a linear detector, the output signal sS proportional to Hi(dx'IdH). Deviations from linearity, which are frequently observed at power levels below 0.2mW, are due to instrumental artifact, but do not affect the power saturation curves overall, For some of the saturation curves, resolution into two components (due to two centres with overlapping spectra) was achieved by adding their predicted absorption contributions and comparing with the observd data points, i.e. linea combination.
Results
Ubiquinone and organic free radicals Fig. 1 gives room-temperature e.p.r. spectra of the organic (g = 2) free radicals in a concentrate of rat liver mitochondria. Maximal signals at g = 2 are observed for State-3 (Chance, 1972) mitochondria.
Addition of any combination of NADH, sucinate or K3Fe(CN)6 results in the inmediate and total loss of signal, unless one maintains a high 02 partial pressure. Because of the very high protein concentration, anaerobiosis is unavoidable after a few minutes in an e.p.r. capillary tube, so that the effect of 02 on the magnitude of the g = 2 e.p.r. signal could not be measured at room temperature. However, continuous bubbling of mitochondrial and submitochondrial suspensions with pure 2 before freezing in the presence of substrate enlarges the e.p.r. signal observed at 20K.
The effect of Gd(III) on the roomtemperature e.p.r. spectra is shown in curves (b) and (c) of Fig. 1 . Addition of Gd(III) results in an apparent sharpening of the g = 2 signal, along with sme quenching. Vol. 160
Because spectrum (a) (control) might be a composite of several free-radical spectra, some of which are more sensitive to Gd(III) than others, the apparent decrease in linewidth is not surprising. One should note that spectrum (b) was recorded within a time such that little Gd(III) could be transported, although substantial Gd(III) uptake would have occurred before the scanning of spectrum (c) (Case, 1975) . Hence the 'sharp' peak in Fig. 1 (b) represents some species which is not exposed to external water, but which is close to a high-affinity lanthanide-carrier site (Case, 1975; Reed & Bygrave, 1974) . Whether this species is part of the Q@H pool is not clear, since several free radicals such as flavin semiquinones could participate in respiratory electron transport. At least some pool of organic radicals clearly does reside on the exterior surface of the inner mitochondrial membrane, however. If one examines theg =2 e.p.r. spectra at lowtemperatures (25 K), a single line which saturates above 5 mW power is observed (Fig. 2) . In intact mitochondria the g = 2 signal has an 0.8mT linewidth, and its amplitude reaches a plateau without decreasing as one increases the microwave power beyond the initial saturation value, characteristic of an inhomogeneously broadened line (Fig. 2a) . The absence of a signal increase at low power as one lowers the temperature confirms this fact. The e.p.r. signal at g = 2 most probably arises from Q*H, since most flavin Microwave power (W) Fig. 2 semiquinones have considerably broader resonances under these conditions. The apparent heterogeneity in the semiquinone pool (see Fig. 1 ) could account for the inhomogeneously broadened line at 25K (Fig. 2a) , as could also 'spin-spin' interactions with other electron carriers. Interactions among the members of the Q"H pool could also account for these observations. The same g = 2 e.p.r. spectrum, on the other hand, is only 0.4mT wide in submitochondrial particles, and saturates like a homogeneous Lorentz line (Fig.  2b) . Removal of succinate dehydrogenase from these particles (King, 1967) has no further effect on either either the line-shape or the saturation curve (Fig. 2c) . In both cases, the Q-H e.p.r. signal appears to be homogeneous.
Addition of Ni(II) to intact mitochondria perturbs the saturation curve for the g= 2 signal (Fig. 2a) , shifting its maximum toward higher power. Hence this species appears to be situated on the exterior surface of the inner mitochondrial membrane. In agreement with this interpretation, the presence of an excess of Ni(II) has no effect whatever on the Q*H e.p.r. spectra or saturation curves in submitochondrial particles, regardless of whether succinate dehydrogenase is present or has been removed. The presence of free haem, which is a permeant paramagnetic anion (Brault & Rougee, 1974) , has no further effect (Fig. 2) . These results fail to indicate exposure of any part of the QH pool either to the matrix surface of the mitochondrion or to the succinate dehydrogenase binding site. Consequently, QH appears to be restricted to the external (cytoplasmic) surface. Also, preparation of submitochondrial particles alters the environment of at least some of the QPH pool, such that the heterogeneity is eliminated. Rearrangement of certain mitochondrial components during sonication has been reported previously (Chance et al., 1970b; Case & Leigh, 1976) , and could extend to QH or to the succinate dehydrogenase and NADH dehydrogenase.
Ferredoxin-type iron-sulphur centres
Iron-sulphur centre N-2 is unique among the ferredoxin-type centres in the mitochondrial membrane because of its position in the respiratory chain. Although its gz resonance (2.05) has the narrowest linewidth of any ferredoxin-like centre in mitochondria, the saturation curves (Fig. 3) show that the spectrum of centre N-2 is inhomogeneously broadened (Poole, 1967) . If one lowers the temperature, the e.p.r. spectrum does not 'sharpen', and the amplitude at low power is no greater than that observed at higher temperatures. Hence the temperature profile corroborates the inhomogeneous character of the centre-N-2e.p.r. spectrum. Typically, inhomogeneous line broadening arises from such sources as magnetic 'spin-spin' interactions (see Poole, 1967; Case & Leigh, 1976) , 'g-strain' (alterations in resonance peak positions owing to non-magnetic causes), or heterogeneous populations ofthe centres. In the present case, 1976 Microwave power (W) Fig. 3 . E.p.r. saturation curves for iron-sulphur centre N-2 in mitochondrialpreparations Samples contained 0.3M-sucrose and 0.02M-Mops, pH 7.2. Redox mediators described in the Experimental section were present, in addition to those indicated below. E.p.r. conditions were: modulation amplitude, 1.25mT; frequency, 9.135GHz; scan range, 0.3-0.4T. The signal amplitude at g = 2.05 and the incident microwave power both appear on logarithmic scales. (a) Intact pigeon heart mitochondria (36.8mg of protein/ml) and 40,4M-Methyl Viologen were present at 11.7K. 0, Eh=-l5OmV; no additions. 0, Eh=-l6OmV; +1.3nM-NiCl2.
is a theoretical saturation curve for an inhomogeneously broadened e.p.r. line fit to the data points (see Poole, 1967; Case & Leigh, 1976 (Figs. 3a  and 3b ). In submitochondrial-particle preparations from which succinate dehydrogenase has been removed, the presence of excess of Ni(II) results in a marginal degree of desaturation (Fig. 3c) . Although the differences in the amplitudes of the centre N-2 spectrum at high power may appear significant between the control and Ni(1I)-plated samples, the Ni(I1)-induced shift in the power level at which saturation sets in is only a factor of approx. 2 and lies within experimental uncertainty. In no case is the paramagnetic dipole interaction between centre N-2 and Ni(II) dramatic. Hence, the present results fail to establish centre N-2 on either the cytoplasmic or matrix surfaces of the mitochondrial inner membrane, and show that centre N-2 is only marginally close (approx. 10nm) to the succinate dehydrogenase binding site. Similar experiments in which free haemin is used as an e.p.r. perturber (see Case & Leigh, 1976 ) also reveal no changes in the centre N-2 relaxation.
Because of its relatively high midpoint potential (Em= -2OmV; Ohnishi, 1975; Ohnishi & Pring, 1974) , possible functional interactions between centre N-2 and either QH or succinate dehydrogenase have been suggested. With succinate dehydrogenase almost certainly situated on the matrix surface of the mitochondrial membrane (King, 1967; Lee et al., 1967; Von Jagow & Klingenberg, 1970; Ohnishi et al., 1976a) , an interaction of centre N-2 with succinate dehydrogenase components such as those reported previously (Gutman et al., 1972; Ohnishi, 1975) suggests proximity to the succinate dehydrogenase binding site or near the inner surface of the osmotic barrier. The role of centre N-2 in Site-i energy coupling (Gutman et al., 1972; Ohnishi & Pring, 1974; Ohnishi, 1976) implies its location on the surface of the osmotic barrier according to the chemiosmotic model of Mitchell (1966 Mitchell ( , 1975 , although other variations of chemiosmotic loops (Skulachev, 1974) are consistent with the location of centre N-2 in the interior of the membrane. The present indirect evidence for the assignment of centre N-2 in the membrane interior is further supported by the work of Ohnishi et al. (1976a) , which revealed no interaction of centre N-2 with bathophenanthrolinesulphonate, and by work with purified NADH dehydrogenase .
Identification of the other iron-sulphur centres in mitochondrial respiration is now well documented Microwave power (W) Fig. 4 . E.p.r. saturation curves for iron-sulphur centres N-la, N-lb, S-1 and bc4l Signal amplitudes were determined at g,= 2.03 and are plotted as their logarithms against the logarithm of the microwave power. Conditions were otherwise as in Fig. 3 . (a) Intact pigeon heart mitochondria, as in Fig. 3(a) . Temperature was 6.1K. 0, Eh = -435mV; no additions.
O, Eh=-431mV; +1.3m-NiCl2. A, Eh=-429mV; +1.3mM-NiCI2 and 0.8mM-haemin chloride. The sum of the amplitudes indicated by the theoretical saturation curves for centre bc-i (-) and centre N-1 (-) gives an optimum fit to the data points, hence fit by 'linear combination'. (b) Pigeon heart submitochondrial particles, as in Fig. 3(b) . Temperature was 11.9K. *, E =-121 mV; no additions. a, Eh=-115mV; +1.3mm-NiC12. The sum of the amplitudes indicated by the theoretical saturation curves for centre S-1 (-) and centre bc-i (----) gives an optimum fit to the data points.
(Orme-Johnson et Ohnishi & Pring, 1974; Ohnishi, 1975) . Fig. 4 gives the g5 = 2.03 resonance saturation curves at different temperatures in mitochondria and submitochondrial particles, resolved by linear combination. In Fig. 4(a) , spectra were recorded at 6.1K for intact mitochondria samples at very low redox potentials. Under these conditions, e.p.r. signals ofcentres N-ia, N-lb and bc-1 (Rieske's iron-sulphur centre; Rieske et al., 1964) saturate at measurable power levels, whereas that of centre S-1 is saturated below the output power range of the instrument. Hence Fig. 4(a) resolves centre bc-I from centres N-la and N-lb.
In Fig. 4(b) , the e.p.r. measurements were carried out at 12K with submitochondrial particles at a redox potential (EJ) such that only centres S-1 and bc-I are reduced. As Fig. 4 shows, good resolution of the saturation curves for centres S-1 and bc-i is obtained. In every case, each e.p.r. component saturates accordingly for homogeneous (Lorentzian) e.p.r. spectra, regardless of the temperature or redox potential at which the measurements are carried out either for mitochondria or particles.
Addition of Ni(II) or free haemin to either intact mitochondria or submitochondrial particles elicits no change in either the e.p.r. spectra or the saturation curves for any of the g_ = 2.03 components (Fig. 4) . Again, this observation applies to similar experiments carried out under different conditions of temperature and redox potential (Table 1) . Consequently, the present data fail to reveal any of these iron-sulphur centres on either surface of the mitochondrial inner membrane. Nor is there any evidence for a 'spinspin' interaction between any of these components and other paramagnetic centres in mitochondria.
Resolution of iron-sulphur centres N-3, N4, N-5, N-6 and bc-2 (centre V; see Ohnishi et al., 1972; Ohnishi, 1973 ) is attained at temperatures below 8K with samples at the appropriate redox potentials (Ohnishi, 1973 (Ohnishi, , 1975 . E.p.r. spectra for all of these species are homogeneous (Lorentzian) , and the resonances all saturate accordingly. Table 1 summarizes the E4 power levels at which the e.p.r. signals are maximal for each of the centres in mitochondria or submitochondrial particles, whether in the absence or presence of Ni(II). Addition of Ni(II) or haemin to either preparation elicits no change in either the e.p.r. spectra or their saturation curves, for any of these five signals. Consequently, we find no evidence for the location of centres N-3, NA, N-5, N-6 and bc-2 on the membrane surfaces.
Additional e.p.r. spectra and saturation curves of several of the iron-sulphur centres point to the general absence of spin-spin interactions among the iron-sulphur centres themselves. No changes in line-shape or e.p.r. relaxation kinetics are observed for centres N-2, S-1, bc-I or bc-2 as one lowers the redox potential through the midpoint-potential regions of centres N-lb, N-3, N4, N-5 and N-6 (Ohnishi, 1975; Ohnishi et al., 1976b) . Further, saturation curves for these centres at different temperatures offer no evidence for relaxation mechanisms involving neighbouring spins. The present work therefore suggests that the ferredoxin-type centres in mitochondria are probably magnetically isolated from one another, although centre N-2 may interact with some other species.
HiPIP (high-potential iron-sulphur protein)-like ironsulphur centres Ruzicka & Beinert (1974) and Ohnishi etal. (I976a) have established the presence of two iron-sulphur centres in mitochondria which, like Chromatium 1976 Table 1 . E.p.r. saturation levelsfor ubiquinone and the mitochondrial iron-sulphur centres E.p.r. and preparation conditions were as in Fig. 2 (Q1H only), Fig. 3 (centre N-2) , Fig. 4 (centres N-la, N-lb, N-3, N4 , N-5, N-6, S-1, S-2, bc-1, bc-2) and Fig. 5 (centres S-3 and bc-3). In some cases, saturation curves were taken from samples whose redox potentials (Eh) were well below the Em values required for the reduction of the centres of interest, in order to allow detection of additional species. 'Saturation power' is the incident microwave power level at which the resonance absorption derivative reaches a maximum. All values shown are accurate to within a factor of 2, since data are taken from plots of their logarithms. For e.p.r. linewidths, see Ohnishi (1975) . Calculations of relaxation times from these data give values which range over a factor of 300 for the various components (see Case & Leigh, 1976 (Bartsch, 1963) but unlike the ferredoxin analogues, are paramagnetic in their oxidized state. One of these (S-3) has been identified in succinate-Q reductase (Beinert et al., 1975) and in purified succinate-dehydrogenase preparations (Ohnishi et al., 1976b) as well as in mitochondria and submitochondrial particles (Ingledew & Ohnishi, 1975) . The other component, which appears only in intact mitochondria, is associated with the Q-cytochrome c region of the respiratory chain and is denoted as centre bc-3 (Ohnishi et al., 1976a) . Centre bc-3 is lost during sonication of mitochondria. Fig. 5 shows saturation curves for centres S-3 and bc-3 at 11.7K and 18.0K in intact mitochondria. Because of their similar spectra at these temperatures, they are best resolved by potentiometric titration or Vol. 160 by linear combination of their saturation curves.
Their line-shapes are also slightly different (Ohnishi et al., 1976a) , as are their temperature profiles.
As Fig. 5 indicates, both centres saturate in a manner characteristic of homogeneous (Lorentzian) e.p.r. lines. This is seen more easily for centre S-3 at lower temperatures (see Table 1 ). At temperatures between 7 and 19K, saturations of the centre bc-3 signal is achieved at much lower power levels than those needed to saturate centre S-3. Addition of Ni(II) increases the power level required to saturate the centre bc-3 spectrum by at least an order of magnitude, without affecting the saturation curve of centre S-3 (Figs. Sa and 5b ). The absence of any effect of Ni(II) on the saturation of centre S-3 extends to those e.p.r, Qbse.rvation t 4,8K in both Pigeon heart mitochondria (36.8mg of protein/ml) were suspended in medium containing 0.3M-sucrose, 204uM-N-methylphenazonium methosulphate and 0.02M-Mops (pH7.2). E.p.r. conditions were: modulation amplitude, 1 mT; frequency, 9.135GHz; scan range, 0.1T in theg=2 region. *, Eh=+195mV; no additions. o, Eh=+212mV; +1.3mM-NiCl2. A, Eh = +195mV; +1.3nM-NiCl2 and 0.8mM-haemin chloride. The sum of the amplitudes indicated by the theoretical saturation curves for centre S-3 (-) and for centre bc-3 (---) gives an optimumfit to the control data points. The sum indicated for centre S-3 (-) and for centre bc-3 in the presence of Ni(II) (---) gives an optimum fit to the data points in which Ni(II) was present. suggestions that centre bc-3 is on the outside of the mitochondrial osmotic barrier (Ohnishi et al., 1976a) . However, the data in Fig. 5 also show that centre S-3 is not exposed to Ni(II) on either surface of the membrane. Although Ohnishi et al. (1976a) have attributed the reaction of centre S-3 with bathophenanthrolinesulphonate in submitochondrial particles (this reaction does not occur in mitochondria) to the presence of the centre on the inside of the osmotic barrier, the slow reaction kinetics might suggest that succinate dehydrogenase, and not centre S-3 itself, faces matrix water. Under these circumstances, a paramagnetic dipole interaction between centre S-3 and Ni(II) might not be expected. Vinogradov et al. (1975) have shown that only one K3Fe(CN)6 reaction site on succinate dehydrogenase is exposed to matrix-phase water when the enzyme is bound to the inner mitochondrial membrane, but that two separate reaction sites exist on the protein in solution. Consequently, the embedding of one of the redox centres of succinate dehydrogenase deep into the membrane seems highly probable.
Discussion
Hydrophobic environments of some iron-sulphur centres The absence of any observable paramagnetic dipolar interaction between Ni(II) and the majority of the mitochondrial iron-sulphur centres (N-la, N-lb, N-3, N4, N-5, N-6, S-1, S-3, bc-i, bc-2 and maybe N-2) indicates that these are buried in regions whichare inaccessible to Ni(II). However, the question of interest is whether these centres are accessible to water on one side or the other of the inner mitochondrial membrane. In principle, any discrepancies between accessibility to Ni(II) and accessibility to water should originate strictly from unfavourable electrostatic interactions at the solution/membrane interface. Thus a high local density ofpositive charges in the vicinity of a crucial electron carrier could prevent Ni(II) from approaching the membrane surface at that point. On the other hand, Fleischer et al. (1967) have shown that the net charge on the mitochondrial inner membrane should be negative, so that regions of high positive charge density should be rare. Most of these iron-sulphur centres should therefore be hydrophobic, although one must be careful about isolated cases. One should in principle, be able to examine the effects of electrostatic charge on the accessibility of Ni(II) by replacing Ni(II) with a paramagnetic anion, such as free haemin (Brault & Rougee, 1974) . The absence of further magnetic effect after addition of haem suggests that Ni(II) accessibility and water accessibility are equivalent.
One can now visualize the organization of the mitochondrial respiratory chain in the inner membrane according to Fig. 6 . Observations in the present and the preceding paper (see Case & Leigh, 1976) point very clearly to the positioning of the haem of cytochromes bK,t bT and c, as well as ubiquinone and iron-sulphur centre bc-3, on the cytoplasmic surface of the membrane. None of these species appears on the matrix surface. Other electron carriers in the mitochondrial respiratory chain t Cytochromes bc and bT were defined on the basis of their energy-independent and energy-dependent midpoint redox potentials (E,) respectively, and possess respective absorption maxima at 562 and 566nm (see Chance, 1972; Dutton & Wilson, 1974) . Cytochrome bL was defined by Wikstrom (1973) and later by Mitchell (1975) as that b haem which lies near the cytoplasmic, or 'left', surface. This species is believed to be comprised largely of haem bT. Cytochrome bR was correspondingly defined as that b haem which lies near the matrix, or 'right', surface (Mitchell, 1975) and consists mostly of the cytochrome bK (Wikstr6m, 1973) .
Inm appear to reside in hydrophobic regions, so that their communication with bulk-phase water is not obvious.
The structural model given in Fig. 6 for the organization of mitochondrial respiratory-chain components differs in several important respects from hypotheses advanced by other investigators. Mitchell (1975) , for example, has suggested that several electron carriers are positioned on the matrix surface of the osmotic barrier, such that electron transfer between adjacent centres proceeds in a transmembrane direction. As part of the apparatus responsible for pumping H+ ions across the inner mitochondrial membrane, the haem group of cytochrome bL was Fig. 6 . Structuralmodelofthe respiratory-chain components in the mitochondrion Electron-transfer components are displayed, to scale and according to their approximate positions in the mitochondrial inner membrane. By the criteria examined in this investigation, the volume occupied in the membrane by any given electron carrier is defined by the range of unpaired spin density, and not by the size of the protein subunit in which the centre is contained.,_w, Cytochrome haem groups. Only the cytochrome bT, bK and cl haem groups exhibited any magnetic perturbations indicative of their locations in the membrane (Case & Leigh, 1976) . Spatial assignments for all of the remaining cytochrome haem groups (c, a and a3) are based on the absence of magnetic perturbations (Case & Leigh, 1976 ) and on evidence obtained by other methods (Racker et al., 1971; Wilson & Leigh, 1972; Eytan et al., 1975) . 0, Ferredoxin-type iron-sulphur centres. Because no significant magnetic interactions were detected for any of these centres, their positions within the hydrophobic interior of the mitochondrion are vague. Centre bc-2, shown as 'BC2(V)', has been reported previously under the name 'Centre V' by Ohnishi et al. (1972) . Centre bc-1, shown as 'BCI(R)' has been previously reported under the name 'Rieske centre' (Rieske et al., 1964) . . , Iron-sulphur centre bc-3, whose position was indicated by direct magnetic interactions with Ni(II) and by other methods (Ohnishi et al., 1976a) . 1, Iron-sulphur centre S-3. Because of the absence ofmagnetic interactions with Ni(II) from mitochondrial, submitochondrial or solubilized preparations, the position ofthis centre in the hydrophobic regions of succinate dehydrogenase is vague. The position of the ubisemiquinone radical (Q H) is assigned in the Figure on the basis of demonstrable magnetic interactions which were observed uniquely in intact mitochondria. Positions of the protein complexes in the mitochondria are assigned on the basis of previous work by other methods, for NADH dehydrogenase (Crane et al., 1956; Jacobs & Sanadi, 1960; Lee et al., 1967; Klingenberg & Buchholz, 1970; Grinius et al., 1971 ), for succinate dehydrogenase (King, 1967) , for cytochrome c (Racker et al., 1971) , for cytochrome oxidase (Eytan et al., 1975) , for cytochrome c reductase (Klingenberg & Buchholz, 1970; Harmon et al., 1974) and the ATPase (Racker et al., 1969) . Vol. 160 believed to face cytoplasmic water, and that of cytochrome 1, matrix-phase water (Mitchell, 1966 (Mitchell, , 1975 . Similar orientations were predicted for the cytochrome a and a3 haems respectively, and ubiquinone was predicted to behave as a mobile transmembrane electron and proton shuttle across the membrane (Mitchell, 1975) .
Several variations to Mitchell's (1975) picture of the organization of electron-transport components have also been published. Among these are the visualizations reported by Wikstrom (1973) and modified by Dutton & Wilson (1974) , which are concemned with the role of positions of cytochromes bL, bh, a and a3 in coupled energy transduction. According to these workers, the cytochrome bL and a haem groups are located near the cytoplasmic surface of the membrane, and the bR and a3 haem groups lie nearer to the matrix interface. Their exact positions are reflected by the opposing electrical forces in the membrane, and could be detected from the sensitivity of their midpoint redox potentials (E.) to the energy state of the mitochondria (Dutton & Wilson, 1974) .
If one views these models of the respiratory chain [Mitchell (1975) among others] as the formal representation of its structural organization in the mitochondrion, then they are quite inconsistent with the present experimental observations ( Fig. 6 ; also Case & Leigh, 1976) . The uniquely exterior positions of the b cytochromes suggest that the terminology bL and bR for the particular b cytochrome haem groups (Wikstrom, 1973; Dutton & Wilson, 1974; Mitchell, 1975) has no meaning in a strictly structural model. The uniquely exterior positioning of ubiquinone (Fig. 6 ) might likewise argue against its direct participation in a transmembrance electron-proton shuttle (Mitchell, 1975) , except under a modification such as that proposed by Mitchell (1976) .
On the other hand, pictures of the respiratory chain such as these (see above; Wikstrom, 1973; Dutton & Wilson, 1974; Mitchell, 1975) are not actually structural models. They are built around kinetic and thermodynamic information obtained for the individual electron carriers under varying conditions of mitochondrial function. This work examines directly the structural organization of electron-transfer components, but it does not relate their positions to function. Our results do not rule out the interaction of some electron carriers (most notably haem a3, one of the b-cytochrome haems, or certain components in the succinate dehydrogenase or NADH dehydrogenase systems) with matrixphase water. However, if such an interaction occurs, our observations add the constraint that H+/water must first penetrate into a hydrophobic region of the mitochondrial inner membrane.
One should also consider that hydrophobically buried redox centres might 'communicate' with either cytoplasmic or matrix water by means of a 'membrane Bohr effect' (Chance et al., 1970a; Callis etal., 1972) . Under such a mechanism, changes in the redox state of the centre could be translated into a pH change in one of the aqueous phases by the interaction of a dissociable functional group in the membrane. Hence, although the electron-transfer and proton-translocation steps are linked thermodynamically, they mnay occur as spatially and kinetically isolated events. Differences between Fig. 6 and previous models (Mitchell, 1975, etc.) can be reconciled in this manner. In fact, Skulachev (1974) has proposed this kind of process in mitochondrial oxidative phosphorylation.
Previous models of mitochondrial respiration based on direct structural evidence have also been reported (Racker et al., 1971; Harmon, 1974; Harmon eta., 1974; Eytan eta., 1975) . Most of the supporting data were obtained from accessibility studies on cytochromes c, cl, cytochrome oxidase and unidentified iron centres or unresolved dehydrogenases. Reliable information on the specific structural organization of the b cytochromes, ironsulphur centres or QH (those components most crtucial for energy in mitochondria) has not been available until now (see also Case & Leigh, 1976) . Our results have filled many of the gaps in the information base for electron-carrier positions, and have provided evidence consistent with models of oxidative phosphorylation in which electron transport and coupled H+ translocation occur via spatially separated mechanisms.
